Abstract Thermal stability changes the properties of the turbulent atmospheric boundary layer, and in turn affects the behaviour of wind-turbine wakes. To better understand the effects of thermal stability on the wind-turbine wake structure, wind-tunnel experiments were carried out with a simulated convective boundary layer (CBL) and a neutral boundary layer. The CBL was generated by cooling the airflow to 12-15 • C and heating up the test section floor to 73-75 • C. The freestream wind speed was set at about 2.5 m s −1 , resulting in a bulk Richardson number of −0.13. The wake of a horizontal-axis 3-blade wind-turbine model, whose height was within the lowest one third of the boundary layer, was studied using stereoscopic particle image velocimetry (S-PIV) and triple-wire (x-wire/cold-wire) anemometry. Data acquired with the S-PIV were analyzed to characterize the highly three-dimensional turbulent flow in the near wake (0.2-3.2 rotor diameters) as well as to visualize the shedding of tip vortices. Profiles of the mean flow, turbulence intensity, and turbulent momentum and heat fluxes were measured with the triple-wire anemometer at downwind locations from 2-20 rotor diameters in the centre plane of the wake. In comparison with the wake of the same wind turbine in a neutral boundary layer, a smaller velocity deficit (about 15 % at the wake centre) is observed in the CBL, where an enhanced radial momentum transport leads to a more rapid momentum recovery, particularly in the lower part of the wake. The velocity deficit at the wake centre decays following a power law regardless of the thermal stability. While the peak turbulence intensity (and the maximum added turbulence) occurs at the top-tip height at a downwind distance of about three rotor diameters in both cases, the magnitude is about 20 % higher in the CBL than in the neutral boundary layer. Correspondingly, the turbulent heat flux is also enhanced by approximately 25 % in the lower part of the wake, compared to that in the undisturbed CBL inflow. This study represents the first controlled wind-tunnel experiment to study the effects of the CBL on wind-turbine wakes. The results on decreased velocity deficit and increased turbulence in wind-turbine wakes associated with atmospheric thermal stability are important to be taken into account in the design of wind farms, in order to reduce the impact of wakes on power output and fatigue loads on downwind wind turbines.
Introduction
In spite of the important advances made in the aerodynamic design of wind turbines, the complex interaction of turbines with the highly turbulent flow in the atmospheric boundary layer (ABL) is not fully understood. Detailed information about wind-turbine wake properties, including mean flow characteristics and turbulence structures, is of great importance for optimizing wind-turbine siting, maximizing the energy production in wind farms and ensuring structural integrity of wind turbines in the planning of wind-farm projects. Turbulent wakes downwind of horizontal-axis wind turbines have been studied extensively, and comprehensive reviews of the aerodynamics of wind-turbine wakes can be found in Vermeer et al. (2003) and Sørensen (2011) . Wind-turbine wakes are characterized by reduced mean wind speeds (velocity deficit), higher wind shear and increased turbulence levels compared to the undisturbed incoming flow, either in a uniform freestream or boundary-layer type flows.
Wind turbines operate in the lowest region of the atmospheric boundary layer. As a result, wind-turbine wakes are affected by the same factors that influence the turbulent boundary layer, including surface inhomogeneities (roughness and topography) and thermal stratification. The effects of the incoming flow on the wind-turbine wake structure have been studied through wind-tunnel experiments and numerical simulations (e.g., Whale et al. 2000; Vermeer 2001; Medici and Alfredsson 2006; Porté-Agel 2009, 2010; Hancock and Pascheke 2010; Porté-Agel et al. 2011; Wu and Porté-Agel 2011) . It should be noted that incoming flow conditions become particularly important for the modern tall wind turbines, which usually have rotor diameters of more than 100 m. In those cases, the flow cannot be considered uniform over the rotor-swept area and, consequently, the variation of wind speed and turbulence across the rotor must be taken into account.
The atmospheric boundary layer is usually classified into three types: neutral, convective and stable, according to the thermal stratification and the dominant mechanisms of turbulence generation. In a neutral boundary layer, the mean potential temperature gradient is negligible and the production of turbulence is dominated by the strong shear near the surface. The atmosphere is neutral for only a limited amount of the time, occurring either in the morning or evening, during the transition between stable and unstable conditions, or when skies are overcast with moderate to high wind speeds (under which a small temperature gradient exists between the ground and the air above). The unstable or convective boundary layer (CBL) is common in fair, sunny weather, and anytime when the ground is warmer than the air flow, and also when upside-down convection is generated by cloud-top radiative cooling (Garratt 1994) . In the CBL, the turbulent kinetic energy (TKE) and the vertical transport of momentum, heat and moisture are enhanced by positive buoyancy (Stull 1988) . Thermal stratification modifies the wind profiles of boundary-layer flows. Over a flat surface, the mean wind profile of the surface layer (the lowest 10-15 % of a fully developed turbulent boundary layer) follows the logarithmic law modified by a stability correction. It can be written as
where u * is the friction velocity, κ is the von Karman constant (≈ 0.4 Field measurements of wind-turbine wakes at wind farms are affected by seasonal and diurnal variations, which reflect the intrinsic non-stationarity of the atmosphere. Evidence of significant thermal stability effects on the wind-turbine power output has been reported in full-scale field measurements. van den Berg (2008) argued that the thermal stability in a stable boundary layer increases the wind shear and hence substantially increases the power production compared to a neutral boundary layer. Recently, Wharton and Lundquist (2010) found that, for a given wind speed, less power is produced by turbines during convective than stable conditions. The power output difference was found to be as large as 20 % between the stable and convective regimes. In addition, wind-turbine wake structures are affected by the thermal stratification of the boundary layer. Baker and Walker (1984) carried out measurements behind a 2.5-MW wind turbine (d = 91 m) at Goodnoe Hills, Washington mainly in stable nighttime conditions. Their results indicated that the wake velocity deficits were on the order of 15-18 % at nine rotor diameters downwind and as high as 30-40 % at three to five rotor diameters. Under higher-level turbulent flow conditions, velocity deficits were decreased to less than 10 %. Magnusson and Smedman (1994) reported wind-turbine wakes measured at 4.2, 6.1 and 9.6 rotor diameters downwind of a wind turbine in the Alsvik wind farm. For unstable stratification, with Ri < −0.05 estimated with the mean temperature gradient over the rotor-swept plane, the velocity deficit was shown to be independent of stability. However, the velocity deficit increased linearly in the weakly unstable and weakly stable conditions (−0.05 < Ri < 0.05). These authors reported later that the velocity deficit tended to decrease under stable conditions with Ri > 0.25, due to more effective turbulent mixing caused by breaking waves and turbulent bursts (Magnusson and Smedman 1999) . As illustrated above, atmospheric thermal stability cannot be viewed as a small perturbation to a basic neutral state when studying tall wind turbines (van den Berg 2008); rather, thermal stability and its induced flow variation should be accounted for in understanding turbulent wind-turbine wakes.
Wind-tunnel experiments have been widely used to study the atmospheric boundary layer. Specifically, physical simulations of thermally stratified boundary layers have been carried out by e.g., Meroney and Melbourne (1992) , Fedorovich et al. (1996) , Ohya (2001) , Ohya and Uchida (2004) , Porté-Agel (2010), and Hancock and Pascheke (2010) . Recently, Chamorro and Porté-Agel (2010) studied the effect of a stable boundary layer (SBL) on the wake structure of a stand-alone wind turbine. They found that, in a relatively weak stable case (the bulk Richardson number Ri b = g θ δ θ U 2 0 = 0.15, where θ is the temperature difference between the freestream flow and the surface), the maximum velocity deficit is located at the hub height and follows a power-law decay with distance from the turbine. The stronger shear of the incoming SBL flow leads to a slightly stronger and larger region of enhanced turbulence intensity, extending between three and six rotor diameters compared with four to five rotor diameters in the neutral boundary layer. Additionally, Hancock and Pascheke (2010) investigated the effect of a moderately stable ABL on wind-turbine wakes, and found a larger maximum velocity deficit in the near wake region, a reduced wake height and increased width in the far wake in the stable case compared to the neutral case. To our best knowledge, there is no report of wind-tunnel tests of wind-turbine wakes in a CBL, which often occurs overland during the day.
Our study aims to quantify the effects of the CBL on the wind-turbine wake, including tip vortices, velocity deficit and turbulence characteristics, compared to that in a neutral boundary layer. We employed two measurement techniques: stereoscopic particle image velocimetry (S-PIV) to quantify the three-dimensional (3-D) turbulent near wake and visualize the coherent vortex structure, and a high temporal-resolution customized triple-wire (x-wires combined with a cold-wire) to conduct time series measurements of the streamwise and vertical velocities as well as temperature in the wake (x/d = 2-20). This study provides an opportunity to understand the effects of atmospheric stability on wind-turbine wakes using well-controlled wind-tunnel experiments. Also, the results presented here are ideal for validating and guiding the development of improved models for the turbulent fluxes of momentum and heat as well as turbine-induced forces in numerical models such as large-eddy simulation (LES).
Experimental Set-Up

Thermally Controlled Boundary-Layer Wind Tunnel
Experiments were carried out in the recirculating boundary-layer wind tunnel at the Saint Anthony Falls Laboratory, University of Minnesota, U.S.A. The main test section for boundary-layer flow studies has a length of 16 m and a cross-section of 1.7 × 1.7 m 2 , with a turbulent boundary layer developed using a tripping mechanism (40-mm picket fence) at the entrance of the wind-tunnel test section. The test-section floor is made up of a series of smooth aluminum plate heat exchangers. To achieve the desired thermal stratification conditions (neutral, stable or unstable), the temperature of the test section floor and airflow can be independently controlled between 5 • C to 80 • C ± 0.25 • C. The convective boundary layer was simulated with the air cooled to θ 0 = 10-12 • C and the floor heated up to θ s = 73-75 • C. For the neutral boundary layer, both the air and the floor temperature were maintained at 30 • C. More details on this wind-tunnel configuration and operations can be found in Carper and Porté-Agel (2008) and Chamorro and Porté-Agel (2010) .
Measurement Methodology
Triple-Wire Anemometry
A customized high-frequency triple-wire (combination of a x-wire and a cold-wire) was used to measure the instantaneous velocity and temperature profiles at selected streamwise locations. The probe is made of 5.0 µm platinum-coated tungsten wires (x-type hot wires) and a 2.5 µm wire (cold wire), which are connected to an A. A. Lab Systems AN-1003 10-channel CTA system. The sensor was mounted on a traversing system (Velmex, Inc) so that multiple positions can be accurately measured using computer control.
The anemometer was calibrated in a well-controlled small calibration unit against a Pitotstatic probe and a thermocouple at seven inclination angles and multiple flow speeds with several temperatures. A cubic-spline table calibration method was used to determine the two instantaneous velocity components from the two instantaneous voltage signatures, and then instantaneous velocities were corrected for temperature from the cold-wire measurements. Pre-and post-experiment calibrations were carried out to check the validity of the calibration throughout the experiments. During calibration, the mean temperature variation of the airflow was kept within a range of ±0.25 • C to avoid bias errors caused by the thermal drift of the voltage signal. Velocities measured with the x-wire were considered accurate to, at best, 1 %. Turbulence intensity accuracy depends on a complex combination of probe length, wallnormal positioning and Reynolds number as discussed by Jorgensen (1996) and Hutchins et al. (2009) .
Stereo-PIV
A high-resolution S-PIV (TSI, Inc.) system was employed to measure the three velocity components (u, v, w) of the near wake (x/d = 0.2-3.2) in the vertical central plane (y = 0). A dual-head Nd:Yag laser (Quantel, USA) was used to produce the maximum laser pulse of 190 mJ. The laser beam was transferred by an optical arm to the wind-tunnel test section and transformed into a lightsheet using cylindrical and spherical lenses. Two PowerView Plus 4MP 12-bit CCD cameras (2048 × 2048 pixels) fitted with 105 mm lenses were set up with Scheimpflug mountings. A home-made atomizer was used with olive oil to generate seeding particles for PIV measurements. Multiple cylindrical reservoirs were filled half-full with olive oil, and compressed air was forced through Laskin nozzles to atomize the oil. 1-µm diameter oil droplets were produced and released into the entrance of the test section, where they were allowed to fill the test section and reach a uniform distribution prior to taking measurements.
Particle images were evaluated to determine instantaneous velocity fields using a multigrid method with second-order accuracy (Insight 3G, TSI). The final interrogation window is 32 × 32 pixels with 50 % overlapping, while the corresponding measurement resolution is approximately 2.3 mm × 2.3 mm. The maximum residual error is 1.5 pixels. Erroneous vectors, less than 1 % of the total extracted vectors, were replaced by vectors interpolated through the Gaussian scheme using good neighbouring vectors. The velocity field was obtained by ensemble-averaging 1500 instantaneous velocity fields, which ensures converged estimates of turbulence statistics. All fluctuating velocity fields were employed to calculate the spatial distributions of turbulence intensities and shear stresses. The measurement uncertainty level of the velocity vectors is estimated to be within 2 %.
Experimental Details
The miniature model wind turbine employed in this study is a functional turbine that consisted of a three-blade GWS/EP-5030×3 rotor driving a small DC generator to extract energy from the incoming boundary-layer flow. The rotor blades are nearly flat plates, similar to those of the small homemade wind-turbine models used in Lebrón J et al. (2010) and Cal et al. (2010) . As shown in Fig. 1 , the rotor diameter is 0.13 m and the tower is 0.105 m. The bottom tip of the turbine is 0.04 m above the surface and the top tip is at a height of 0.17 m, ensuring that the turbine rotor-swept area is within the lowest one third of the turbulent boundary layer. With the freestream wind speed (U 0 ) of approximately 2.5 m s −1 , the rotor operates at 1140-1160 r.p.m in the neutral boundary layer and 1280-1320 r.p.m in the CBL. This gives a tip-speed 
where U hub is the incoming wind speed at the hub height) of approximately 3.7 and 3.8 for the neutral boundary layer and CBL cases, respectively.
The turbulent boundary-layer depth δ is approximately 0.6 m, determined to be the elevation where the streamwise velocity magnitude reaches 99 % of the freestream speed U 0 , at the measurement location for both neutral boundary layer and CBL cases. The main parameters of the simulated neutral boundary layer and CBL are summarized in Table 1 . The heating and cooling scheme yields an average thermal stratification of 98.4 K m −1 within the CBL; the friction velocity u * is 0.14 m s −1 and the roughness length z 0 is 0.026 mm, estimated by fitting the mean velocity profiles in the surface layer using the logarithmic law with the stability correction. Accordingly, the Reynolds number based on the friction velocity u * and the boundary-layer depth δ is Re = u * δ/ν = 5350; the Obukhov length L is estimated to be −0.44 m, thus the ratio of the CBL depth to L is δ/L = −1.36. Also, the bulk Richardson number Ri b is about −0.13. In order to achieve reasonably large Ri b within the capability of the facility, we had to perform experiments at a relatively low freestream speed while still ensuring the wind-turbine model remained operational. This leads to Re lower than that of a full-scale flow by two orders of magnitude. The influence of Re on the near wake is not well understood, however, the bulk properties of the fully turbulent wake downwind of the turbine model are less sensitive to Re (Whale et al. 1997 ). In addition, primary wake characteristics, such as wake rotation and tip vortices, can be reproduced even at relatively low Re (Medici and Alfredsson 2006) . This highlights the value of wind-turbine wake data obtained in wind tunnels for the purpose of understanding the fluid dynamics as well as validating and developing numerical models such as LES, Reynolds-averaged Navier-Stokes (RANS) and analytical wake models.
The vertical profiles of the inflow for both the neutral boundary layer and CBL cases are shown in Fig. 2 . The normalized streamwise velocity is slightly higher in the CBL than that in the neutral boundary layer, and the maximum turbulence intensity, just above the surface, was 9 % in the neutral boundary layer versus 11 % in the CBL. As expected, stronger vertical mixing in the CBL results in a higher turbulence intensity. Similarly, the kinematic shear stress near the surface in the CBL is higher than that in the neutral boundary layer (Fig. 2c) . Fitting the logarithmic law with the stability correction to the mean velocity and temperature profiles in the surface layer (z < |L|, in Fig. 2a, d ), one can see that the surface-layer flow follows Monin-Obukhov similarity theory.
Previous wind-tunnel studies of the inversion-capped CBL (Fedorovich et al. 1996 , 2001a ,b and Ohya and Uchida 2004 presented the turbulence statistics normalized with convective mixed-layer scaling parameters (Deardorff 1970) , including z i , w * and θ * for the length, velocity and temperature, respectively. The mixed-layer depth z i is defined as the height at where the heat flux reaches the minimum in the entrainment zone. Because of the lack of a capping inversion layer in the present simulated CBL, we used the boundary-layer depth δ to approximate z i . Accordingly, w * and θ * are calculated by w * = . Compared with previous wind-tunnel data in Fedorovich et al. (1996) , the current flow statistics shown in Fig. 3 display an overall similar trend up to z/δ = 0.4, indicating that the generated boundary layer reasonably represents the lower portion of a classic CBL. Specifically, the temperature variance and the turbulent kinematic heat-flux profiles follow similar trends with comparable magnitude to those in Fedorovich et al. (1996) . The departure observed in the velocity variance profiles for z/δ < 0.4 is mainly attributed to the difference in the thermal stability strength of the two studies. It should be noted that, however, the flow statistics beyond z/δ = 0.4 deviate from the previous wind-tunnel datasets due to the absence of the capping thermal inversion layer above. Considering that the wind-turbine model occupies the lowest one third of the boundary layer, the simulated CBL inflow is deemed adequate to study the effects of surface-layer thermal stability on the structure of wind-turbine wakes.
The turbulent wake downwind of the model wind turbine was measured with a combination of two techniques: S-PIV and a customized triple-wire; S-PIV provides detailed vortical structure in the near wake 
Results and Discussion
Velocity Deficit
Wind turbines extract kinetic energy from the incoming flow, which results in reduced velocity in the wake. The mean streamwise velocity contours at x/d = 0.2-3.2 for the neutral boundary layer and the CBL cases are shown in Fig. 4 . The near-wake is characterized by low-momentum flow, in particular, a "dead zone" with nearly zero velocity, immediately behind the nacelle (until x/d ≈ 0.6). Also, Fig. 4 illustrates the highly non-symmetric velocity distribution in the vertical direction, primarily due to the boundary-layer type incoming flow and the presence of the ground surface. Though the velocity fields look very similar in both stability cases, the low-momentum flow region is noticeably smaller in the CBL case. Specifically, the velocity has a relatively higher magnitude in the lower part of the wake in the CBL compared with that in the neutral case.
Additional quantitative comparison of the normalized streamwise velocity (U/U hub ) profiles with the undisturbed incoming flow for the neutral boundary layer and CBL cases is shown in Fig. 5 . In general, the U profiles follow a similar trend except that the magnitude is less in the neutral boundary layer than that in the CBL case. Large departures of the streamwise velocity from the inflow in the two cases are found between the bottom-tip and top-tip heights. The streamwise velocity deficit, an indicator of how rapidly the wind-turbine wake recovers to the undisturbed incoming flow, is calculated by
where U 0 (z) is the streamwise velocity of the incoming flow at the vertical position z. Figure  5 demonstrates that the velocity deficit in the turbine wake is generally smaller in the CBL than that in the neutral case. Moreover, the departure of the velocity deficit in the two cases is primarily seen below the hub height, i.e., in the lower part of the wake. This result clearly shows the faster recovery of the wind-turbine wake in the CBL compared to the neutral case, which is attributed to the increased momentum transport and turbulent mixing induced by convection. The streamwise velocity and/or velocity deficit at the centre of the wake (around the hub height) is an important parameter with which to estimate power production and predict overall wake-profile characteristics. With the assumption of self-similar behaviour of the wake, the wake profile can be expressed as a function of the velocity deficit at the hub height and the radial distance away from the wake centre (Frandsen et al. 2006) . In this regard, it is critical to understand how the velocity deficit at the hub height varies with downwind distance. Simple empirical models have been proposed to describe the velocity deficit in the wake, following a power-law decay of the form (Vermeer et al. 2003) :
where U ref is the reference velocity, either the freestream wind speed or the incident wind speed at the hub height. The range of two constants regressed from full-scale field data and wind-tunnel data is quite large; with A ∈ [1, 3] and n ∈ [−1.25, −0.75]. The variation is attributed to various sources of data collected in the field or in wind tunnels under a variety of conditions. In particular, field data must be interpreted and compared with caution, because they may be affected by heterogeneous upwind conditions and non-stationarities, including complicated topography, tall canopies, surface roughness change, transition of thermal stability, and wind-direction variability. The velocity deficit at the hub height as a function of the distance from the rotor, plotted on a log-log scale (Fig. 6) , shows that the velocity deficit decays roughly following a power law. The neutral boundary layer and CBL plots seem to be parallel with each other (a slightly larger slope in the CBL case), and this trend remains until x/d = 20. This again indicates that stronger turbulent mixing causes a faster recovery of the wake in the CBL case.
The decay rate of the velocity deficit presented in Fig. 6 displays a similar behaviour to the field data of Magnusson and Smedman (1994) . These curves have a slope of −0.81 (neutral boundary layer) and −0.82 (CBL) compared to −0.8 for theirs, but the magnitude of the velocity deficit is about 20-30 % lower in our cases. This is likely related to the efficiency and loading conditions of the wind-turbine model employed. Wind-tunnel data reported by Hancock and Pascheke (2010) showed that the velocity deficit in the SBL was larger than that in the neutral boundary layer, which qualitatively agrees with the trend in the velocity deficit under unstable stratification effects in Magnusson and Smedman (1994) . It should be remarked that coefficients A ≈ 1 and n ≈ −1 were used by Högström et al. (1988) and Barthelmie et al. (2004) to fit field data, implying a faster decay rate of the velocity deficit. 
Behaviour of Tip Vortices
Wind turbines induce a complex wake vortex system, including coherent helicoidal tip vortices (Vermeer et al. 2003 , Derob et al. 2008 . These vortices are associated with an enhanced turbulence level, noise generation and structural fatigue due to vortex induced vibration. We identified the coherent vortex structures using both the spanwise vorticity (ω y ) and the swirling strength (λ ci ) distribution (Zhou et al. 1999; Adrian et al. 2000) , which was described in Zhang et al. (2012) . Here we concentrate on understanding how the CBL affects the behaviour of tip vortices.
Top-tip vortices can be seen immediately downwind of the turbine (x/d = 0.2-1.2) in instantaneous velocity fields (Fig. 7) . The peaks of spanwise vorticity overlaid with the swirling strength indicate the vortex core locations. In the two examples, four tip vortices are visible at the top-tip height (z/d = 1.3), and there is no detectable coherent vortex structure displayed at the bottom-tip height (z/d = 0.3). The top-tip vortices are very similar to those reported in Dobrev et al. (2008) and visualized by smoke-wire visualization in Vermeer (2001) . In both stability cases, the top-tip vortices persist up to about two rotor diameters downwind of the turbine.
Spectral analysis was performed using velocity fluctuations (u and w ) to examine the distribution of energy across a range of frequencies in the wake. The analysis reveals the classical production subrange and inertial subrange of surface-layer turbulence, which follow power-law scaling with −1 and −5/3 slopes, respectively. More importantly, there are distinct localized high energy signatures at a frequency corresponding to coherent structures, including the tip vortices and large-scale wake meandering motions. Power spectra of u and w at the top-tip height are shown at x/d = 0.5, 1.5 and 3 for both the neutral and the CBL cases (Fig. 8) . At x/d = 0.5, multiple spectral peaks are found, i.e., the primary frequency of the top-tip vortex shedding (3 f t ), the first (6 f t ) and second (9 f t ) harmonic frequencies ( f t is the rotation frequency of the rotor). With increasing downwind distance, the signature of the harmonic frequency is reduced and the magnitude becomes less, due to dissipation and the breaking-down of the tip vortices. At x/d = 1.5, only the primary spectral peak is present for both cases. Further downwind at x/d = 3, no peak is found. The enhanced energy at scales associated with tip vortex shedding persist farther downwind in the convective case, particularly for the streamwise component, which is also seen in enhanced turbulence intensity (addressed in the following section). In both the neutral and CBL cases, no frequency peak is detected at the bottom-tip level, where the turbulence level of the incoming flow is higher than that at the top-tip height and the wake may be affected by the presence of the ground (Fig. 9) . This is also supported by S-PIV results. In addition, the overall wake meandering indicated by a distinct low frequency signature of 6 Hz can be seen in both cases, which is not affected by convective conditions. However, there is indeed more energy in the large production scales corresponding to the enhanced vertical transport in the CBL than in the neutral case, as illustrated in Figs. 8 and 9.
Turbulence Intensity in the Wake
Besides the velocity deficit, the other critical aerodynamic factor in wind-turbine wakes is the enhancement of turbulence intensity that is highly related to failure of wind-turbine components. Figure 10 compares the streamwise turbulence intensity (I u ) in the centre plane (y = 0) of the wake for the neutral and CBL cases. High turbulence level occurs at the shear layers, immediately behind the nacelle for both cases, caused by hub/root vortices as reported in other wind-tunnel studies (Dobrev et al. 2008; Sherry et al. 2010) . However, there is a remarkable difference in the turbulence intensity at the lower shear layer (z/d = 0.6), which displays greatly enhanced turbulence in the CBL than that in the neutral boundary layer. This is primarily related to the convective condition, under which the higher turbulence intensity of the inflow above the surface promotes turbulent mixing in the lower part of the wake.
Quantitative comparison of the turbulence intensity distribution calculated from hot-wire anemometry data in the central plane of the wake is shown in Fig. 11 . The vertical profile of I u exhibits a "dual-peak" pattern at x/d = 2, 3 and 5 in both convective and neutral cases: a stronger primary peak at the top-tip level and the secondary peak below the hub height. It is not surprising to see that the first peak of I u is similar at x/d = 2 for both neutral and convective cases, since the near-wake region is dominated by mechanical shear. The secondary peak of I u in the CBL is about 15 % higher compared to that in the neutral boundary layer, which is consistent with S-PIV data. Furthermore, a large difference in I u is found at x/d = 3. At this location, I u is approximately 20 % higher in the CBL than that in the neutral boundary layer. This pronounced more intense turbulence is attributed to the higher shear production of TKE near the top-tip level and stronger turbulent transport in the lower part of the wake from the positive buoyancy effects. Further downwind in the wake, I u is reduced rapidly owing to the turbulent mixing. Therefore, the difference of I u between two stability cases is reduced in the upper part of the wake at x/d = 5, while still apparent near the surface. Beyond x/d = 5 the two peaks merge into a broad high value region in the middle of the wake. As a result, a more uniform vertical distribution of I u is observed at x/d = 10. It should be noted that, in the far wake, the difference of I u between the two stability cases only remains in the vicinity of the surface, where the thermal effects are strongest. A similar turbulence structure with dual-peak turbulence intensity has been reported in other field and wind-tunnel studies. For example, Högström et al. (1988) observed that the turbulence intensity reached the maximum at about the top-tip and bottom-tip levels and two rotor diameters downwind of the wind turbine, and this dual-peak turbulence distribution remained until approximately four rotor diameters. The overall streamwise turbulence is caused by several coupled mechanisms, including the background/ambient boundary-layer turbulence (I u0 ), turbulence generated by the shear layer of the wake, and turbulence created by the positive buoyancy.
It would be useful to understand how the added turbulence intensity I u+ = I 2 u − I 2 u0 in the wake varies in a CBL compared to that in a neutral boundary layer. Here we calculate the enhancement (or suppression) of turbulence intensity with respect to its counterpart of the inflow. For the flow regime of I u ≥ I u0 , I u+ = I 2 u − I 2 u0 ; otherwise, I u+ = I 2 u0 − I 2 u . As shown in Fig. 11 , the distribution of added turbulence intensity I u+ in the wake demonstrates pronounced differences in two respects. Firstly, at x/d = 2, 3 and 5, I u+ shows a distinct peak at roughly the top-tip height in both cases. In particular, the maximum added turbulence intensity occurs at x/d = 3 and is approximately 0.17 in the CBL versus 0.12 in the neutral boundary layer. These maxima are related to the high shear, associated TKE production and possibly breaking down of the top-tip vortices. Secondly, similar to the I u distribution, in the lower part of the wake, the added turbulence is consistently higher in the CBL than in the neutral case. With increasing downwind distance, the difference of I u+ between two stability cases remains near the surface, indicating that it is mainly caused by the effects of positive buoyancy, since the mechanical mixing from the wind turbine is reduced. In addition, we note that, below the bottom-tip height, turbulence is enhanced in the CBL case, whereas it is suppressed in the neutral case. This enhancement of turbulence is again attributed to the increased vertical transport due to surface heating.
Turbulent Fluxes
In addition to converting kinetic energy of the incoming flow to electricity and generating turbulence, a wind turbine mixes the air in the wake with the ambient air. The mixing affects the vertical transport of momentum, moisture and heat in the wake. The normalized momentum flux u w /U 2 hub is compared for the neutral and CBL cases (Fig. 12) . These profiles are similar in two aspects at x/d = 2 and 3 for both cases: the momentum flux has the opposite sign with respect to the rotor axis (negative above and positive below), which is due to the momentum transport between the large momentum "sink" in the wake centre and the ambient air. Moreover, the momentum flux reaches its maximum at the top-tip height, at x/d = 3, due to strong shear, and the magnitude is approximately double that of the lower peak. However, the effects of positive buoyancy are evidently shown by the larger magnitude of the momentum flux in the lower part of the wake in the CBL compared to the neutral case. The results illustrate that, as a wind turbine operates in a CBL, the maximum momentum flux is at the top-tip level, while the second peak of the momentum flux occurs in the lower part of the wake, owing to an enhanced vertical transport caused by the positive buoyancy. This strong mixing and entrainment of cooler air from higher to lower altitude yields a cooling effect near the surface. Accordingly, the temperature of the lower part of the wake is lower than that of the inflow, as can be seen in Fig. 13a . Figure 13b shows that the kinematic heat flux w θ / [U hub (θ s − θ 0 )] is primarily affected at x/d = 2 and 3 in the centre plane of the wake. In this region, the turbulent kinematic heat flux displays a distinct deviation from that of the incoming flow. Heat flux is particularly enhanced by about 25 % at the lower part of the wake, consistent with the trend of the turbulent momentum flux. Also, the reduction of temperature below the hub height (Fig. 13a ) results in a larger temperature gradient near the surface, which is consistent with the enhanced heat flux.
Summary
Wind-tunnel experiments were performed to study the convective boundary-layer effects on wind-turbine wakes. Although lacking a capping inversion layer, the simulated CBL reasonably represents the lower portion (up to z/δ = 0.4) of a classic overland CBL. Since the wind-turbine model was limited to the lowest one third of the boundary-layer depth, this study enabled us to investigate surface-layer buoyancy effects on the structure of wind-turbine wakes.
Both S-PIV and customized triple-wire anemometry were used to characterize the mean wind velocity, tip vortices, velocity spectra, turbulence intensity and turbulent fluxes of the wake up to a downwind distance of x/d = 20 in the CBL versus the neutral case. The velocity deficit is smaller in the convective compared to the neutral case, particularly in the lower part of the wake, due to enhanced radial momentum transport under the convective conditions. The velocity deficit at the wake centre is about 15 % less in the CBL case, and its decay follows a power law (with a slope of −0.8) in both cases.
Helicoidal tip vortices, shed at the frequency of consecutive blades (3 f t ), are observed at the top-tip level and persist up to a downwind distance of about two rotor diameters, regardless of thermal stability. Tip vortices are not detected at the bottom-tip level owing to the higher levels of background turbulence, which dissipates them faster. More energy is found in the large production scales of the velocity spectra in the convective case than that in the neutral case, due to enhanced vertical motions.
The maximum of turbulence intensity occurs roughly at the top-tip level and x/d = 3, and the magnitude is 20 % higher in the CBL than that in the neutral boundary layer. This maximum of the turbulence intensity is related to the high shear, associated TKE production and likely the breaking-down of the top-tip vortices. Also, it is noticeable that turbulence is enhanced in the lower part of the wake in the CBL case, due to the promotion of vertical transport of momentum by higher incoming turbulence intensity caused by positive buoyancy. With increasing downwind distance, the effects of positive buoyancy on the flow remain evident near the surface while the effects of mechanical mixing from the rotor are reduced gradually.
The magnitude of negative momentum flux is largest at the top-tip level and x/d = 3, whereas the second largest magnitude is in the lower part of the wake due to the effect of positive buoyancy in the CBL case. Strong mixing and entrainment of cooler air from above results in a cooling effect near the surface. In addition, turbulent kinematic heat flux is strongly enhanced by about 25 % in the lower part of the wake, compared to the undisturbed CBL inflow.
Overall, the CBL results in a smaller velocity deficit and enhanced turbulence both at the top-tip level and the lower part of the wake, compared to the neutral case. The dataset presented here was obtained in the centre plane of a stand-alone wind-turbine wake under a relatively weak CBL condition (Ri b = −0.13). More remarkable effects may be expected in the field with stronger convection. This unique dataset will be used for the validation of high-resolution numerical models (e.g., LES) of wind-turbine wakes in a CBL, similar to that performed by Wu and Porté-Agel (2011) in a neutral boundary layer. Future work will also address the effects of atmospheric stability on the wind-turbine wakes in wind farms, i.e., the interaction of multiple wakes with the ABL. Additionally, it would be of interest to look into the combined effects of atmospheric stability and topography on the wind-turbine wakes since both effects are often coupled in the field.
